signals through a receptor complex composed of 2 type I and 2 type II (TGF-bRII) subunits. We investigated the role of macrophage TGF-b signaling in fibrosis after AKI in mice with selective monocyte/macrophage TGF-bRII deletion (macrophage TGF-bRII -/-mice). Four weeks after injury, renal TGF-b1 expression and fibrosis were higher in WT mice than macrophage TGF-bRII -/-mice, which had decreased renal macrophages. The in vitro chemotactic response to f-Met-Leu-Phe was comparable between bone marrowderived monocytes (BMMs) from WT and macrophage TGF-bRII -/-mice, but TGF-bRII -/-BMMs did not respond to TGF-b. We then implanted Matrigel plugs suffused with either fMet-Leu-Phe or TGF-b1 into WT or macrophage TGF-bRII -/-mice. After 6 days, f-Met-LeuPhe induced similar macrophage infiltration into the Matrigel plugs of WT and macrophage TGF-bRII -/-mice, but TGF-b induced infiltration only in WT mice. We further determined the number of labeled WT or TGF-bRII -/-BMMs infiltrating into WT kidneys 20 days after ischemic injury. There were more labeled WT BMMs than TGF-bRII -/-BMMs. Therefore, macrophage TGF-bRII deletion protects against the development of tubulointerstitial fibrosis following severe ischemic renal injury. Chemoattraction of macrophages to the injured kidney through a TGF-b/TGF-bRII axis is a heretofore undescribed mechanism by which TGF-b can mediate renal fibrosis during progressive renal injury.
Introduction
There is increasing evidence that incomplete recovery from episodes of acute kidney injury (AKI) can predispose patients to the development of chronic tubulointerstitial fibrosis (1) (2) (3) . Previous studies by us and others have shown an important role for renal macrophages in recovery from experimentally induced AKI (4) (5) (6) (7) (8) (9) . Conversely, there is also increasing evidence for a role for macrophages in the development of fibrosis after AKI. There are 2 potential mechanisms by which macrophages may be involved in promoting fibrosis, either due to persistence of an inflammatory ("M1") phenotype or to incomplete termination of the resolution phase promoted by a tissue reparative ("M2") phenotype. In both cases, renal macrophages may play a key role, either with defects in their ability to limit ongoing inflammation or with persistence of activated profibrotic macrophages in the later stages of recovery.
TGF-β is recognized as a central mediator of renal tubulointerstitial fibrosis. However, a recent study found that deletion of myeloid TGF-β1 did not prevent fibrosis after severe renal ischemia/ reperfusion or obstructive injury (10) , suggesting a role for increased TGF-β1 from nonmyeloid cells. TGF-β signals through a receptor complex composed of 2 type I and 2 type II transmembrane subunits, and monocytes and macrophages express TGF-β receptors. No previous study to our knowledge has determined the effect of TGF-β receptor signaling on macrophages during recovery from acute injury to the kidney. In the current studies, we have deleted type II TGF-β receptors (TGF-βRII) selectively in myeloid cells to investigate the potential role of TGF-β receptor signaling in macrophages on the development of fibrosis following severe ischemic injury.
TGF-β signals through a receptor complex composed of 2 type I and 2 type II (TGF-βRII) subunits. We investigated the role of macrophage TGF-β signaling in fibrosis after AKI in mice with selective monocyte/macrophage TGF-βRII deletion (macrophage TGF-βRII -/-mice). Four weeks after injury, renal TGF-β1 expression and fibrosis were higher in WT mice than macrophage TGF-βRII -/-mice, which had decreased renal macrophages. The in vitro chemotactic response to f-Met-Leu-Phe was comparable between bone marrow-derived monocytes (BMMs) from WT and macrophage TGF-βRII -/-mice, but TGF-βRII -/-BMMs did not respond to TGF-β. We then implanted Matrigel plugs suffused with either f-Met-Leu-Phe or TGF-β1 into WT or macrophage TGF-βRII -/-mice. After 6 days, f-Met-Leu-Phe induced similar macrophage infiltration into the Matrigel plugs of WT and macrophage TGF-βRII -/-mice, but TGF-β induced infiltration only in WT mice. We further determined the number of labeled WT or TGF-βRII -/-BMMs infiltrating into WT kidneys 20 days after ischemic injury. There were more labeled WT BMMs than TGF-βRII -/-BMMs. Therefore, macrophage TGF-βRII deletion protects against the development of tubulointerstitial fibrosis following severe ischemic renal injury. Chemoattraction of macrophages to the injured kidney through a TGF-β/TGF-βRII axis is a heretofore undescribed mechanism by which TGF-β can mediate renal fibrosis during progressive renal injury.
Results
To delete TGF-βRII from macrophages, we crossed Tgfbr2 fl/fl mice with transgenic mice expressing either CD11b-Cre Tgfbr2 fl/fl or LysM-Cre Tgfbr2 fl/fl . Compared to control WT mice (Tgfbr2 fl/fl ), control CD11b-Cre Tgfbr2 fl/fl and control LysM-Cre Tgfbr2 fl/fl mice had similar behavior, body weight, histology, kidney function (blood urea nitrogen [BUN] and albuminuria) and hematopoiesis, as indicated in Supplemental Figures 1-4 (supplemental material available online with this article; https://doi. org/10.1172/jci.insight.123563DS1). Unless otherwise indicated, we confirmed our findings in both strains, and therefore mice with selective macrophage deletion of TGF-βRII are designated as macrophage TGF-βRII -/-mice. To confirm the efficiency of macrophage TGF-βRII deletion, peritoneal macrophages were harvested from Tgfbr2 fl/fl (WT) mice and LysM-Cre Tgfbr2 fl/fl mice, which were injected intraperitoneally with 3 ml of sterile thioglycollate (3% w/v) for 3 days. Isolated intraperitoneal macrophages were used for immunoblotting. As indicated in Figure 1A , TGF-βRII protein levels were markedly reduced in TGF-βRII -/-macrophages compared with WT macrophages. In addition, macrophages were seeded into 6 well plates and stimulated with recombinant TGF-β (2 ng/ml) for 30 minutes. As indicated in Figure 1B , TGF-β administration led to activation of TGF-β signaling in WT macrophages, as indicated by increases in levels of phospho-Smad2 and phospho-Smad3, which were markedly inhibited in TGF-βRII -/-macrophages. Therefore, TGF-βRII was efficiently deleted in macrophage TGF-βRII -/-mice. Macrophage TGF-βRII -/-mice had no differences in acute functional recovery from ischemia-reperfusion (I/R) injury, as indicated by similar recovery patterns of both serum creatinine and BUN as well as similar Kim-1 mRNA levels 7 days after AKI (Supplemental Figures 5 and 6) . However, at 4 weeks after the initial severe ischemic injury, there were increased tubular dilation and immune cell infiltration in kidneys of WT mice, while the injury was minimal in kidneys of macrophage TGF-βRII -/-mice (Supplemental Figure 7) . Macrophage TGF-βRII deletion led to decreased interstitial fibrosis, as indicated by significant reduction of both Sirius red and Masson's trichrome staining (Figure 2A ) as well as by marked decreases in renal mRNA and protein levels of the profibrotic and fibrotic markers, α-smooth muscle actin (α-SMA, a marker of myofibroblasts), connective tissue growth factor (CTGF), and collagens I and III (Figure 2 , B-D, and Supplemental Figure 8 ). We also used a more severe AKI model with reliable fibrosis following injury, indicated as "AKI/chronic kidney disease," (AKI/CKD) as described in the Methods section (11) . In this model, although BUN increased in both WT and macrophage TGF-βRII -/-mice after uninephrectomy compared to normal controls, no difference of BUN was appreciated between WT and macrophage TGF-βRII -/-mice (Supplemental Figure 4) . In this AKI/CKD fibrotic model, kidneys of WT mice exhibited histological kidney injury, as indicated by tubular dilation and distal tubular protein casts, and these parameters were all diminished in the kidneys of macrophage TGF-βRII -/-mice ( Figure 3A ). There was also less kidney fibrosis, as indicated by both Sirius red and Masson's trichrome staining ( Figure 3 , B and C) and decreased expression of profibrotic factors, CTGF, and α-SMA ( Figure 3D and Supplemental Figure 9 ). Macrophage TGF-βRII -/-mice also had relative preservation of kidney function, as indicated by lower urinary albumin excretion ( Figure 3E ).
We have previously described a model of spontaneous tubulointerstitial fibrosis resulting from the selective overexpression of the EGFR ligand, heparin-binding EGF-like growth factor (HB-EGF), in renal proximal tubules (hHB-EGF Tg/Tg ) (12) . These mice have augmented interstitial myofibroblast accumulation and progressive increases in interstitial extracellular matrix deposition. To investigate the role of macrophage TGF-βRII in the development of renal fibrosis in this model, we generated Tgfbr2 ) mice had decreased renal fibrosis as indicated by Sirius red staining and Masson's trichrome staining. ***P < 0.001, n = 4 in each group. (B) Macrophage TGF-βRII deletion led to decreased renal protein levels of α-SMA, a marker of myofibroblasts. ***P < 0.001, n = 4 in each group. (C) Macrophage TGF-βRII deletion led to decreases in mRNA levels of profibrotic and fibrotic CTGF, collagens I and III (Col I and Col III), and α-SMA. **P < 0.01, ***P < 0.001. n = 6 in Tgfbr2 fl/fl (WT) mice, and n = 8 in macrophage TGF-βRII -/-mice. (D) Macrophage TGF-βRII deletion led to decreases in protein levels of profibrotic α-SMA and CTGF. **P < 0.01, ***P < 0.001; n = 3 in each group. Original magnification: ×160 in all. TGF-βRII deletion also led to significantly decreased renal interstitial fibrosis, as indicated by Sirius red and Masson's trichrome staining and quantification ( Figure 4 and Supplemental Figure 10 ). Therefore, macrophage TGF-βRII deletion led to decreases in renal fibrosis in 3 different models of fibrosis. Increased immune cell infiltration accompanies kidney injury (13, 14) . Increased macrophages produce proinflammatory cytokines/chemokines, which worsen kidney injury and promote fibrosis. As indicated in Figure 5A , kidney mRNA levels of F4/80 and Ly6C, 2 markers of macrophages, were markedly lower in the macrophage TGF-βRII -/-mice than in WT mice at 4 weeks after ischemic injury. F4/80 immunostaining confirmed markedly decreased macrophage density in macrophage TGF-βRII -/-mice ( Figure 5A ). Both mRNA and protein levels of mannose receptor (CD206), a marker of profibrotic M2 macrophages, were also significantly lower in the kidneys of macrophage TGF-βRII -/-mice (Supplemental Figure 11 ). In addition, the mRNA levels of CD209 (a marker of M2a) and CD150 (a marker of M2c) were decreased (Supplemental Figure 11 ). There was a concomitant decrease in T cell infiltration, indicated by CD3 immunostaining ( Figure 5B), in association with decreased renal proinflammatory cytokines/chemokines, including iNOS, CCL3, TNF-α, IL-1α, IL-1β, CCL2, and granulocyte macrophage colony-stimulating factor ( Figure  5C ). However, renal levels of proinflammatory cytokines/chemokines were similar between WT mice and macrophage TGF-βRII -/-mice 8 days after uninephrectomy (Supplemental Figure 12) . There was also a reduction in renal oxidative stress, as indicated by weaker 4-hydroxynonenal (4-HNE) staining ( Figure 5D ). In kidneys of WT mice with AKI/CKD, there also were increases in macrophages as well as increased T cell infiltration and increased oxidative stress, and all these parameters were attenuated in kidneys of macrophage TGF-βRII -/-mice ( Figure 5E and Supplemental Figures 13 and 14) . Similarly, there was also decreased macrophage density in the macrophage TGF-βRII -/-hHB-EGF Tg/Tg mice ( Figure 5F ). Therefore, a common feature of all 3 models of renal tubulointerstitial fibrosis was that selective deletion of TGF-βRII in the monocyte/macrophage population resulted in a decrease in total renal macrophages.
TGF-β is a central mediator of renal fibrosis. At 4 weeks after renal ischemic injury, both mRNA and protein levels of renal TGF-β1 were significantly higher in WT compared with macrophage TGF-βRII -/-mice ( Figure 6 ). In addition, renal TGF-β2 protein levels were significantly higher in WT compared with macrophage TGF-βRII -/-mice (Supplemental Figure 15) . Phosphorylation of Smad3, an indicator of activation of TGF-β signaling, was markedly decreased in macrophage TGF-βRII -/-compared with WT mice ( Figure 7A ). Tubular phospho-Smad3-positive cells were comparable between WT and macrophage TGF-βRII -/-mice while interstitial phospho-Smad3-positive cells were much lower in macrophage TGF-βRII -/-mice than in WT mice ( Figure 7A ). Simultaneous immunofluorescent staining with phospho-Smad3 and F4/80, a marker of macrophages, confirmed decreased macrophage numbers in macrophage TGF-βRII -/-compared with WT mice (10.41 ± 0.25 versus 90.33 ± 2.94 macrophages/field of WT mice; P < 0.001; n = 3 in each group). In WT mice, most renal macrophages were phospho-Smad3 positive, while only a small proportion of macrophages were phospho-Smad3 positive in macrophage TGF-βRII -/-mice (percentage of phospho-Smad3-positive macrophages: 87.87 ± 2.04 versus 24.09 ± 1.06; P < 0.001; n = 3 in each group) ( Figure 7B ).
Because TGF-β has been reported to be a chemoattractant (15), we determined whether deletion of TGF-βRII would alter macrophage chemotaxis. The in vitro chemotactic response to a known chemotaxin, f-Met-Leu-Phe, was not different between isolated bone marrow-derived monocytes (BMMs) from WT and CD11b-Cre Tgfbr2 fl/fl mice ( Figure 8 ). However, although TGF-β was a potent chemoattractant to WT BMMs, TGF-βRII -/-BMMs did not respond (Figure 8 ). Of note, the Smad3 inhibitor, SIS3, significantly inhibited the chemotactic response to TGF-β in WT monocytes but had minimal effect in TGF-βRII -/-monocytes ( Figure 8 ). To confirm these findings in an in vivo setting, we performed an in vivo chemotaxis assay using Matrigel plugs. Matrigel was suffused with vehicle (water), f-Met-Leu-Phe (250 μM), or TGF-β1 (1 μg/ml) and then injected subcutaneously into the subscapular regions of Tgfbr2 fl/fl mice or LysM-Cre Tgfbr2 fl/fl mice. After 6 days, there was minimal macrophage infiltration into the vehicle-treated Matrigel plugs in both WT and macrophage TGF-βRII -/-mice, while f-Met-Leu-Phe induced significant and comparable increases in macrophage infiltration into the Matrigel plugs of both WT and macrophage TGF-βRII -/-f-Met-Leu-Phe: 18.00 ± 1.43, P < 0.001 versus vehicle but not significant versus WT f-Met-Leu-Phe, n = 6 in each group) ( Figure 9A ). In contrast, while TGF-β also led to significant macrophage infiltration into the Matrigel plugs in the WT mice, it induced only rare infiltrating macrophages into the plugs of macrophage TGF-βRII -/-mice (F4/80-positive cells/ HPF: 15.83 ± 1.42 versus 0.83 ± 0.40 versus P < 0.001, n = 6 in each group) ( Figure 9B ). Therefore, TGF-βRII in macrophages was essential for TGF-β-induced chemotaxis in vivo.
To determine the potential role of macrophage TGF-βRII expression in macrophage migration in response to kidney injury, we obtained BMMs from either WT or macrophage TGF-βRII -/-mice and Figure 6 . Macrophage TGF-βRII deletion led to decreased renal TGF-β1 expression after I/R injury. Mice were studied 4 weeks after severe I/R injury. (A) Renal TGF-β1 mRNA levels were significantly lower in CD11b-Cre Tgfbr2 fl/fl (macrophage TGF-βRII -/-) mice than in Tgfbr2 fl/fl (WT) mice. **P < 0.01, n = 6 in WT group; n = 8 in macrophage TGF-βRII -/-group. (B) Renal TGF-β1 protein levels were lower in macrophage TGF-βRII -/-mice than in WT mice. ***P < 0.001, n = WT group; n = 5 in macrophage TGF-βRII -/-group. 
Discussion
The present studies determined that selective deletion of the type II TGF-β receptor in macrophages ameliorated tubulointerstitial fibrosis resulting from severe acute ischemic renal injury. Decreased fibrosis was accompanied by marked decreases in expression of myofibroblasts, oxidative stress, and cytokines that mediate fibrosis. These results were similar in 2 complementary models of fibrosis following AKI as well as a model of spontaneous tubulointerstitial fibrosis driven by proximal tubule overexpression of HB-EGF and were consistently seen with 2 different Cre drivers of macrophage TGF-βRII deletion (CD11b-Cre and LysM-Cre). The striking finding was that this relative protection was correlated with a decreased total number of renal macrophages rather than alterations in macrophage phenotype per se (data not shown) and indicate a heretofore undescribed role, to our knowledge, for the increased renal expression of TGF-β during progressive fibrotic injury to serve as a potent chemoattractant for macrophage recruitment to the kidney.
Previous studies by us and others have indicated an important role for macrophages with an M2, or "reparative," phenotype in recovery from acute ischemic injury (4-7). It is well recognized in other tissues that for macrophages, these M2 macrophages can be a "two-edged sword," essential for adequate tissue monocytes. Although TGF-β1 (10 ng/ml) induced migration in WT monocytes, which was blocked by SIS3, a Smad3 inhibitor, it had no effect on TGF-βRII -/-monocytes. ***P < 0.001 versus vehicle group; † † † P < 0.001 versus TGF-β1-treated WT group. n = 6 in each group.
repair but also a potential mediator of fibrosis and scarring (16) , but their role in mediation of renal fibrosis resulting from severe AKI has not been previously explored in detail to our knowledge. Because M2 macrophages produce TGF-β, it has been postulated that a mechanism for postischemic renal fibrosis was to serve as a major source of this profibrotic cytokine. However, studies from the Cantley group determined that selective deletion of TGF-β1 in macrophages did not alter development of fibrosis after either ischemic injury or unilateral ureteral obstruction (10) . We have previously reported that following macrophage deletion with clodronate, progressive increases in TGF-β1 expression in renal tissue accompanied the incomplete recovery from acute tubular injury and development of progressive tubulointerstitial fibrosis (7), consistent with previous studies demonstrating increased TGF-β production from tubule epithelia with partial dedifferentiation and with or after cell cycle arrest in G2/M (17) as well as from myofibroblasts (18) . In this regard, we could detect marked TGF-β1 immunostaining in proximal tubules of WT mice at 4 weeks in the AKI/CKD model, with decreased immunostaining in the macrophage TGF-βRII -/-mice, while expression of TGF-β1 mRNA in macrophages isolated from the injured kidneys was not different (data not shown).
TGF-β is a potent chemoattractant for circulating monocytes at femtomolar concentrations (15) . Our in vitro and in vivo studies indicated that deletion of TGF-βRII in monocytes/macrophages selectively impaired their chemotaxis in response to TGF-β1. Migration in response to a well-described chemoattractant, f-Met-Leu-Phe, was not different between WT and CD11b-Cre Tgfbr2 fl/fl monocytes, nor were there any differences in response to fetal bovine serum (data not shown), ruling out any global defect in migration in monocytes with TGF-βRII deletion. However, although TGF-β1 was an effective chemoattractant for WT monocytes, it did not induce significant chemotaxis in CD11b-Cre Tgfbr2 fl/fl monocytes. We found a similar selective migratory defect in response to TGF-β1 in vivo in CD11b-Cre Tgfbr2 fl/fl mice. ) mice for 6 days. FMLP induced similar macrophage infiltration in WT and macrophage TGF-βRII -/-mice. ***P < 0.001 versus vehicle group, n = 6 in each group. TGF-β1-mediated macrophage chemotaxis was diminished in macrophage TGF-βRII -/-mice. ***P < 0.001 versus WT group, n = 6 in each group.
Furthermore, there was markedly decreased homing to the injured kidney of labeled monocytes from macrophage TGF-βRII -/-mice compared with monocytes from WT mice. Aside from TGF-β, there are numerous other potential cytokines derived from macrophages that may mediate progressive tubulointerstitial fibrosis in mouse kidneys, including osteopontin, components of hedgehog signaling, and FIZZ1/RELM-α. Of note, FIZZ1, a well-described M2 marker in mouse macrophages, is a secreted glycoprotein. Recent studies in lung tissue have suggested that FIZZ1 can activate jagged-1/notch signaling in pulmonary fibroblasts (19) and can induce fibroblasts to increase collagen crosslinks by upregulating lysyl hydroxylase 2 (20) . In addition, there is evidence that fibrocytes derived from bone marrow monocytes (21, 22) are mediators of renal fibrosis (23, 24) .
Of note, the role of TGF-β signaling in different renal cell types is complicated in response to different types of kidney injury. Inhibition of TGF-β signaling in both endothelial cells and proximal tubular cells has been reported to attenuate kidney injury and development of fibrosis (25, 26) . On the other hand, TGF-β signaling inhibition in the collecting duct exacerbates fibrosis (27) , while TGF-β signaling inhibition in matrix-producing interstitial cells does not significantly affect renal fibrosis in either unilateral ureteral obstruction or aristolochic acid renal injury models (28) . In addition, partial epithelial-mesenchymal transition may be involved in TGF-β-signaling mediated fibrosis.
In summary, selective deletion of macrophage TGF-βRII protects against the development of tubulointerstitial fibrosis following severe ischemic renal injury. Given that renal TGF-β expression was greater in the WT kidneys 4 weeks after ischemic injury and the observed decrease in renal macrophages and impaired macrophage chemotactic response to TGF-β in mice with macrophage deletion of TGF-βRII, we propose that induction of renal macrophage migration is a previously underappreciated mechanism by which TGF-β can mediate renal fibrosis during progressive renal injury.
Methods
Animals. All animal experiments were performed in accordance with the guidelines of and with the approval of the Institutional Animal Care and Use Committee of Vanderbilt University. Tgfbr2 fl/fl mice were crossed with either CD11b-Cre-or LysM-Cre-transgenic mice (all on C57BL/6 backgrounds) to produce mice with selective deletion of TGF-βRII in monocytes/macrophages. CD11b-Cre mice with transgene integration in the Y chromosome were generated in Vacher's laboratory (29, 30) . Unless otherwise indicated in the text, all injury models were repeated in both models of TGF-βRII deletion. Only male mice were used for the experiments.
AKI models. I/R injury was performed as previously described (7). Briefly, the animal was uninephrectomized, immediately followed by unilateral I/R with renal pedicle clamping for 31 minutes.
AKI/CKD models. The AKI/CKD fibrotic model was performed as previously described (11) . Briefly, the unilateral renal pedicle was clamped for 31 minutes, and the other kidney was left in place. After 8 days, the uninjured kidney was removed. This model produced consistent and marked tubulointerstitial fibrosis by 28 days after the initial insult. ) mice. Measurement of serum BUN and creatinine and urinary albumin excretion. BUN was measured using a urea assay kit (BioAssay Systems), and serum creatinine was measured using a previously described HPLC method (32) . Spot urine was individually collected in a 96-well chamber. Urinary albumin and creatinine excretion was determined using Albuwell-M kits (Exocell Inc). Albuminuria was expressed as the ratio of urinary albumin (μg/ml) to creatinine (mg/ml).
Isolation of BMMs. Tgfbr2 fl/fl mice and CD11b-Cre Tgfbr2 fl/fl mice were anesthetized with isoflurane and sacrificed by cervical dislocation, and then femurs, tibias, and humeri were dissected. The shafts were flushed using a syringe and a 26-gauge needle with RPMI1640 supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 10 U/ml heparin, and 0.2% fetal bone serum (FBS). The cell suspension was passed through a 40-μm strainer and centrifuged, and the pellet was resuspended in 3 ml red blood cell lysis buffer and incubated for 10 minutes on ice. After centrifugation, the pellet was resuspended with 10 ml Dulbecco's PBS containing 0.5% FBS, followed by monocyte isolation using a monocyte isolation kit for mice (Miltenyi Biotec, 130-100-629).
In vitro monocyte migration assay. We used a modification of a protocol assessing migration through transwells (33) . Freshly isolated BMMs (75,000 cells) were seeded in the top chamber of a 24-well PET membrane (8-μm pore size) with or without 1 hour of pretreatment with 5 μM Smad inhibitor SIS3 (Calbiochem CAS 1009104-85-1). Cells translocated to the lower chamber in response to exposure in the lower chamber of vehicle, 250 μM FMLP (F3506, Sigma-Aldrich), or recombinant TGF-β (10 ng/ml) for 3 hours. Cells in the upper chamber were removed with a cotton swab, and the filters were fixed with 70% ethanol and stained with 0.2% crystal violet. Filters were photographed on a Leica DMi1 microscope and total cell number was counted.
In vivo monocyte migration assay. We used modifications of a method described by Serrati et al (34) . Two groups of animals were used: Tgfbr2 fl/fl mice and LysM-Cre Tgfbr2 fl/fl mice. All equipment and reagents were chilled on ice before use. The back of the mouse was shaved and sterilized, and a 24-gauge needle was inserted subcutaneously. On each side of the back, a wide subcutaneous pocket was formed by swaying the needlepoint right and left. The Corning Matrigel matrix (0.5 ml, 354243, Corning Incorporated, Life Sciences) suffused with FMLP (250 μM) was injected into the right pocket and matrix suffused with TGF-β1 (1 μg/ml) into the left pocket. A clump was visible on each side after the injection. Six days after injection, the mice were perfused as described previously (35) ; the matrigel clumps and their attached skin and muscle layer were dissected, embedded in paraffin, sectioned at 4-μm thickness, and stained with F4/80 (marker of macrophages).
Monocyte migration into kidney injury assay. PKH26 labeling of BMMs was performed as previously described (7) . PKH26 red fluorescent cell linker kit for phagocytic cell labeling (Sigma-Aldrich) was used to label BMMs following the manufacturer's protocol. Each mouse received 2 million PKH26-labeled BMMs via retro-orbital injection 10 days after uninephrectomy in the AKI/CKD model. Three days later, animals were sacrificed, cryosections were prepared, and monocyte infiltration into injured kidney was evaluated by counting the PKH26 (red) and F4/80 (green) double-positive cells with a Nikon TE300 fluorescence microscope.
Isolation of peritoneal macrophages. Mice were injected intraperitoneally with 3 ml of sterile thioglycollate medium (3% w/v of an autoclaved stock prepared from dehydrated thioglycollate medium and sterile saline water) (Sigma-Aldrich). Three days later, ice-cold PBS with 3% FBS was injected into the peritoneal cavity. Peritoneal fluid was harvested and centrifuged, and pellets were resuspended in RPMI1640 medium supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 10 U/ml heparin, and 10% FBS and seeded in a 10-cm dish for 3 hours. After washing 3 times with culture medium, the cells were used for study.
Masson's trichrome staining, Sirius red staining, and periodic acid-Schiff staining. They were all performed according to the protocols provided by the manufacturer (Sigma-Aldrich).
Antibodies. Rat anti-mouse F4/80 (MCA497R, a marker of macrophages) and CD3 (MCA1477, a marker of T lymphocytes) were purchased from AbD Serotec (now Bio-Rad); mouse anti-mannose receptor (CD206,
